Abstract: We analyse a new N = 1 string tree level correction at O(α ′2 ) to the Kähler potential of the volume moduli of type IIB Calabi-Yau flux compactification found recently by Grimm, Savelli and Weissenbacher [1] and its impact on the moduli potential. We find that it imposes a strong lower bound the Calabi-Yau volume in the Large Volume Scenario of moduli stabilisation. For KKLT-like scenarios we find that consistency of the action imposes an upper bound on the flux superpotential |W 0 | 10 −3 , while parametrically controlled survival of the KKLT minimum needs extreme tuning of W 0 close to zero. We also analyse the Kähler uplifting mechanism showing that it can operate on Calabi-Yau manifolds where the new correction is present and dominated by the 4-cycle controlling the overall volume if the volume is stabilised at values V 10 3 . We discuss the phenomenological implication of these bounds on V in the various scenarios.
Introduction
String theory is a candidate fundamental theory of quantum gravity in unification with the three non-gravitational forces of the Standard Model (SM) of particle physics. If we interpret its 2D worldsheet conformal field theory in terms of geometric embedding spacetime, then string theory requires ten-dimensional backgrounds. Hence, contact with the 4D nature of space-time at low energies requires compactification of the six extra dimensions on a compact manifold, typically with a high-dimensional deformation or 'moduli' space. The requirement of 4D N = 1 supersymmetry then selects a specific class of 6-manifolds of which Calabi-Yau 3-folds (CY3s) comprise a large and rich subset.
Moreover, CY compactifications of string theory must describe both broken supersymmetry below a TeV, and the presence of an extremely small but positive vacuum energy driving late-time accelerated cosmic expansion, if they are to make contact with 4D low energy physics. This requires moduli stabilisation in combination with spontaneous breaking of 4D N = 1 supersymmetry (SUSY) in a local near-Minkowski minimum of the moduli scalar potential.
Recent years have seen considerable progress in this direction, using combinations of higher p-form gauge fluxes of string theory with orientifold planes, non-perturbative effects from D-branes, and perturbative corrections to the kinetic terms of the moduli scalar fields. 1 Various setups involving these effects can lead to a large discretum of isolated meta-stable anti-de Sitter (AdS), Minkowski, or de Sitter (dS) minima of the moduli potential on a given CY compactification, giving rise to the so-called string theory landscape [5, 6] .
In particular, type II string theories are amenable to this array of techniques as they comprise a rich set of both RR fluxes in addition to the universal NSNS H 3 3-form flux. In the context of type IIB string theory a combination of NSNS and RR 3-form stabilises supersymmetrically all complex structure moduli of the CY3 as well as the axio-dilaton containing the string coupling [7, 8] . There are several avenues available to stabilise the Kähler or volume moduli of the CY 3-fold. Firstly, one can use a combination of perturbative corrections to the Kähler potential of the Kähler moduli to generate non-SUSY AdS minima [9] [10] [11] . Alternatively, one can use a combination of perturbative Kähler corrections, and of non-perturbative effects in the superpotential from gaugino condensation of non-Abelian gauge theories on stacks of D7-branes, or from Euclidean D3-branes, wrapping 4-dimensional subspaces of the CY3 (the 4-cycles) to stabilise the Kähler moduli measuring the 4-cycle volumes. Here there are three possibilities in the extant literature:
• If we use solely non-perturbative effects in the superpotential, we end up with SUSY AdS vacua for the Kähler moduli [5] . Consequently, we need to introduce an additional source of SUSY breaking and 'uplifting' to near-zero vacuum energy. This may be an anti-D3-brane at the tip of a warped throat region of the CY [5] , or a combination of F-and D-terms generated by additional 'matter' field sectors [12, 13] .
• If the CY has at least 2 Kähler moduli, a combination of the non-perturbative effects from Euclidean D3-branes or gaugino condensation on D7-branes and the perturbative O(α ′3 )-correction to the volume moduli Kähler potential can produce non-SUSY AdS vacua at exponentially large CY volumes in the Large Volume Scenario (LVS) [14] . The O(α ′3 )-correction to the volume moduli Kähler potential arises from a 10D R 4 string theory correction to the 10D effective type IIB supergravity action [15] . An additional source of vacuum energy is necessary to reach zero vacuum energy.
• In 'Kähler uplifting', we can play off the O(α ′3 )-correction to the volume moduli Kähler potential and a non-perturbative superpotential from gaugino condensation on stacked D7-branes in a different way than in the LVS [16] [17] [18] . In this setup we can achieve direct stabilisation of one or more Kähler moduli into a minimum at moderately large volume with adjustable vacuum energy, both AdS or dS.
Given these existing paths to moduli stabilisation, it is critically important to check for the existence of additional, potentially leading, perturbative corrections to the volume moduli Kähler potential of type IIB CY compactifications. While such corrections can arise at O(α ′2 g 2 s ) from string loop corrections [19] [20] [21] , they contribute in the resulting scalar potential only at O(α ′4 ) due to the extended no-scale structure of the type IIB supergravity moduli potential [20, 21] . This feature has its origin in the structure of the string loop corrections which appear as homogeneous degree-minus-2 polynomials in the 2-cycle volumes in the Kähler potential of the volume moduli. As the string loop corrections are g s -suppressed and appear generically with O(1) coefficients, they preserve the three previous vacuum constructions.
However, recently Grimm, Savelli and Weissenbacher (GSW) [1] derived for the first time the presence of a manifestly N = 1 string tree level O(α ′2 ) correction from a higher derivative M-theory correction which is transported to F-theory and finally to its weak coupling limit, i.e., type IIB string theory. This correction is controlled by the volume of the intersection between the D7-branes and the O7-plane, which is a linear combination of 2-cycle volumes. It is not suppressed by powers of g s and typically appears with a prefactor larger than O(1). Despite sharing the extended no-scale structure with the string loop corrections, the large prefactors combined with a just marginally stronger suppression by a factor V −1/3 in the scalar potential may spell danger to some or all of the above mechanism of moduli stabilisation. Consequently, we analyse the effect of the GSW correction on all three models of non-perturbative, or mixed perturbative-non-perturbative Kähler moduli stabilisation.
The outline of the paper is as follows. In Section 2 we review the extended no-scale structure of the supergravity scalar potential for the Kähler moduli of type IIB CY flux compactifications, and determine the leading terms induced by the GSW correction. In Section 3 we discuss the structure of the GSW correction in the 4D volume moduli Kähler potential for general CY 3-folds with several Kähler moduli, in particular for CYs with a classical volume of approximate 'swiss-cheese' form. Section 3.1 analyses the scalar potential for a general 1-parameter manifold both in the KKLT and Kähler uplifting scenarios, sections 3.2, and 3.3 look into the 2-parameter 'swiss-cheese' CY CP 4 11169 [18] in the LVS and Kähler uplifting scenario, and an anisotropic 3-parameter case based on the fibered CY CP 4 11226 [12] relevant e.g. for the model of fibre inflation [22] , respectively. In all cases, we demand the relative magnitude ∆ ≡ δV /V 0 of the correction in the scalar potential δV compared to the scalar potential V 0 employed in the given stabilisation mechanism to be somewhat small ∆ < 1, typically ∆ 0.1 to guarantee survival of the original minimum of the stabilisation mechanism. This leads to an upper bound |W 0 | 10 −3 on the flux superpotential in KKLT, and a lower bound V 10 8 . . . 10 9 on the CY volume in the most generic version of LVS with ED3-brane instantons stabilizing the blow-up Kähler moduli for the minima to persist in presence of the GSW correction. The latter bound implies in particular, that the models of Kähler moduli inflation [23, 24] including fibre inflation [22] are under serious pressure from the new O(α ′2 )-correction, since the bound V > 10 8 is difficult to reconcile with COBE normalization of the curvature perturbation and maintaining slow-roll flatness. The method of Kähler uplifting does survive the presence of the new correction, if we stabilise the volume at V 10 3 . This requires either a distastefully large-rank gauge groups on a D7-brane stack [17] , or a doublegaugino condensate racetrack sector for the positive-self-intersection Kähler modulus [25, 26] .
We expect our constraints to generalize to all type IIB CY flux compactifications except those where it depends just on a combination of the small blow-up volume moduli for which we give a criterion in Section 3. Finally, all statements regarding moduli stabilisation in this paper do not take into account other α ′2 corrections to the effective action as to our knowledge the GSW correction is the only one derived to this day. It is not excluded that other α ′2 corrections appear even with the same moduli dependence. Hence, the results presented in this work provide a motivation to derive further α ′ corrections to the effective action of type IIB string theory/F-theory.
Perturbations to no-scale supergravity
In this section, we review the protection of the type IIB scalar potential by extended no-scale structure, following the original work of Cicoli, Conlon and Quevedo [21] . This extended no-scale structure has been shown to play a crucial role in the radiative stability of LVS, by ensuring that string loop corrections are subleading under some natural assumptions. At the heart of this approach lies a series expansion of the potential of the Kähler moduli sector in terms of small perturbations with respect to the leading behaviour, determined by the tree level Kähler potential K 0 and the flux superpotential W 0 . We start by assuming that the 4 dimensional theory admits an expansion of the form
where δK represents the higher order perturbative corrections to the Kähler potential and δW the nonperturbative corrections to the superpotential. We want to compute the scalar potential
as a perturbative expansion in the small parameters δK and δW . For our purposes it suffices to go up to second order in δK. Recalling that the correct Kähler coordinates are T a = τ a + ib a , the F-terms are given by
where we have made use of the fact that W = W (T ) and that K = K(T + T ). The F-terms are contracted with the inverse Kähler metric
In what follows we will work mostly with the real coordinates τ a and b a . Before expanding the F-term potential it is useful to recall some basic definitions and identities regarding the tree level Kähler potential
The volume of the compactifications manifold is given in terms of the two cycle volumes t i and the triple intersection numbers κ ijk as
As customary one defines the four-cycle volumes as
where the matrix A is given by
The tree level Kähler metric is 9) and its inverse is
One can show using the previous definitions that the Kähler potential of Eq. (2.5) satisfies the following identities
The full metric is given by 12) and its inverse can be computed explicitly as a power series in derivatives of δK. By imposing K ij K jk = δ k i one finds 13) to second order in δK ij . We note that due to the expansion of the Kähler potential in Eq. (2.1) one may also write 14) where the index 0, 1, 2, ..., n denotes the order in the δ expansion. One can then expand the scalar potential of Eq. (2.2) as
In the remaining of this paper we denote the terms in the scalar potential that involve m powers of δK and n powers of δW and/or their derivatives by δV (m,n) . The leading order term, derived from the tree level Kähler potential and superpotential is given by
and vanishes due to no-scale structure [27, 28] , Eq. (2.11).
The subleading correction proportional to δK and its derivatives is given by
Noting that no-scale structure guarantees that the last term always vanishes and making use of the first identity in Eq. (2.11) one can simplify Eq. (2.17) to
This is the leading correction to the scalar potential which is important both in the realisation of the LVS and Kähler uplifting, when δK originates from the ten dimensional α ′3 R 4 term, and in the discussion of extended no-scale structure. We will analyse it in more detail in Section 2.1. The remaining terms in Eq. (2.15) are given explicitly in Appendix A, which will be used to compute the corrections to the scalar potential originating from the GSW correction. Before proceeding we note that the first and second order corrections depending exclusively on δW , δV (0,1) and δV (0,2) respectively, give rise to two of the well known terms in the LVS potential. Assuming that the non-perturbative superpotential takes the form 19) after axion minimisation one finds
where we have used the fact that in 'swiss-cheese' geometries the dominant non-perturbative effect is generated by the smallest cycles τ s . Considering that 21) to leading order in he 1/V expansion. Since this work focuses on the phenomenological effects of corrections to Kähler potential we will leave aside purely superpotential perturbations as these and analyse in detail corrections originating from δK next.
Moduli stabilisation and extended no-scale structure
The proposal of any moduli stabilisation scenario must be accompanied by a study of its stability against higher order corrections. This was precisely what was done for the LVS in [21] . Building up on [20] , Cicoli, Conlon and Quevedo [21] have considered the impact of g 2 s α ′2 corrections arising from string exchange between stacks of D3-and D7-branes on the LVS minimum. They have found that the combination of the extra g s suppression with the particular functional form of the corrections δK ensured that the corrections to the LVS potential are subleading, ensuring this way that the LVS minimum would still exist. This was dubbed extended no-scale structure which we will now briefly review, focusing on the δV (1, 0) term. Assuming that the correction to the Kähler potential, δK, is an homogeneous function of degree n in the two cycle volumes, that is: 22) noting that 23) and that
we can write Eq. (2.18) as
It is then clear that if the degree of δK is -2, the correction to the scalar potential vanishes identically. This is what is understood by extended no-scale structure. The leading string loop corrections to K analysed in [21] feature this structure and therefore do not contribute to the scalar potential even though they might dominate the Kähler potential. This situation is to be contrasted with the α ′3 correction of [15] , which plays a pivotal role in the LVS and in Kähler uplifting [16] . The α ′3 corrected Kähler potential takes the form
Clearly in this case δK is not a degree -2, in fact one can show that it is degree -3 in the t's and therefore it does generate a term in the scalar potential at this order. From Eq. (2.25) setting n = −3 we find
Extended no-scale lends a level of protection in particular to moduli stabilisation scenarios that rely on the α ′3 correction of [15] against radiative corrections to K. It assumes however that the numerical prefactors are of order unity and in certain cases it also relies on suppression by extra factors of g s . This seems justified in the context of [21] but care is needed when dealing with corrections to K that break these assumptions. In the next section we analyse the GSW correction in the same light and show how t can impose stringent limits on the various moduli stabilisation scenarios.
The quantum corrected volume of the CY threefold X 3 is [1]
and so the Kähler potential for the moduli becomes
The correction is given in terms of the geometric quantity
where c 1 (B 3 ) and J b are the 1-st Chern class respectively Kähler form of the base B 3 . The CY X 3 is constructed as the double-cover of B 3 . This correction is derived in [1] from a higher derivative correction to the low energy limit of M-theory which is transported to Ftheory using the duality between the two theories. Eq. (3.3) is obtained by taking the weak coupling (Sen) limit [29] of F-theory, which yields type IIB string theory on X 3 with and O7 plane and D7-branes. The D7-branes have to be included to cancel the D7 tadpole, induced by the O7 plane which is −8c 1 (B 3 ). In [1] , it is assumed for simplicity that the D7 tadpole is canceled by a single D7-brane with the characteristic Whitney umbrella shape [30, 31] such that there are no non-Abelian singularities in the F-theory picture. For the following estimation of the relevance of the correction in the different moduli stabilisation scenarios, we will assume for simplicity that it takes the same form as given in Eq. (3.3) for the case that non-Abelian singularities are present. 2 This corresponds to D7-brane stacks in the IIB picture that can induce non-perturbative effects via gaugino condensation. Let us discuss the general dependence of Eq. (3.3) on the Kähler moduli in the LVS by considering X 3 to be of the 'swiss-cheese' type. Let us for simplicity assume that there is only one large 4-cycle τ 1 i.e., Eq. (2.6) is given as
and V s (τ 2 , .., τ h 1,1 ) is the small contribution to the overall volume V that depends on the small 4-cycles τ 2 , .., τ h 1,1 . In case of a 'strong swiss-cheese' manifold X 3 this part is given as
and κ ijk = 0 unless i = j = k. As we will discuss later, there can be significant corrections to the scalar potential if Eq. (3.3) depends on τ 1 . For this reason, let us derive a condition for the vanishing dependence on τ 1 for the case that X 3 is a toric CY whose volume can be written as in Eq. (3.4). These CYs have been classified in [32] while attempts to find all 'swiss-cheese' in the dataset of [32] can be found in [33] .
Let X 3 be given by as a hypersurface equation in an ambient 4 complex dimensional space X amb 4 which is a projective space CP 4 . Furthermore, let the base B 3 of the F-theory lift be given as a projective space CP 3 as a subspace of X amb . In this case, B 3 is completely determined by a weight matrix n ij ∈ N h 1,1 ×h 1,1 +3 . Then,
where D i are the toric divisors of B 3 and in the second equality in Eq. (3.6) we have chosen a basis {D b i } of H 1,1 (B 3 , Z). {D b i } are the Poincaré dual 4-cycles to this basis. The coefficients k b i ∈ Z arise from the fact that only h 1,1 toric divisors are linear independent, i.e., there are three linear relations between the h 1,1 + 3 toric divisors which can be read off the weight matrix n ij . 3 The triple intersections κ b ijk of the base divisors {D b i } determine the volume in terms of the 2-cycle volumes t b i according to Eq. (2.6). If X 3 is a 'swiss-cheese' manifold, there exists a basis rotation R ij of the 4-cycles such that in the τ i = R ij τ b j , V obtains the form given in Eq. (3.4). For specific toric examples, the matrix R ij can be calculated according to the algorithm presented in [33, 34] . In this new basis
The α ′2 correction Eq. (3.3) is then given as
where V D7∩O7 (τ 2 , .., τ h 1,1 ) is the contribution to V D7∩O7 that does not depend on t 1 and hence neither on τ 1 . For large γ 1 , i.e., small self-intersection κ 111 of the large 4-cycle, V D7∩O7 is suppressed w.r.t. the classical volume V. Furthermore, we see that the correction does not depend on τ 1 iff k 1 = 0. If we would include n b large 4-cycles with positive intersection signature in Eq. (3.4), this straightforwardly generalises to k i = 0 for i = 1, .., n b . For a given toric CY, the condition k i = 0 can be easily checked once the transformation matrix R ij has been calculated. Generically, k i and γ i can easily obtain values that are O(1..10) and O(10 −2 ..10 −1 ) as we will also see in the examples in Sections 3.2 and 3.3. As a consequence,
we will see in the following that the α ′2 correction can have a strong significance in the LVS and in Kähler uplifting even in the presence of the extended no-scale structure. Note that consistency of the low energy effective action requires the quantum corrected volume, V, to be positive definite. This translates into the following bound 4
at order α ′2 . Further assuming
≪ O(10) one can perform a series expansion in powers of
and approximate
For convenience one defines δK (1) and δK (2) to be the first and second order corrections to K in the
For the case of one big 4-cycle τ 1 in a 'swiss-cheese' CY this can be approximated as 1 . Also note that one may perform the following expansion
(3.14) The volume of the intersection between the D7-brane and the O7 plane is parametrized by the two cycle volumes or alternatively by some function of degree 1/2 in the four cycle volumes τ a . Let us assume that
This corresponds to stating that the intersection volume is a homogeneous function of degree 2m in the two cycle volumes. One can then show that
Equations (3.15) and (3.16) allow for a considerable simplification in the computation of the corrections to the scalar potential given by Eqs. (2.17)-(A.3). For the cases under consideration m = 1/2, which implies that δK (1) and δK (2) are homogeneous functions of degree −2 and −4 respectively in the two cycle volumes. Therefore this correction has the same form as that of [21] and so should naively be protected by the same extended no-scale structure arguments. Noting that δV (1,0) is a linear in δK we may write it as
where we have used the fact that δV (1,0) (δK (1) ) = 0 since δK (1) is homogeneous of degree −2 in the t's. Since δK (1) ∼ V −2 we expect either
depending whether or not V D7∩O7 is proportional to V 1/3 . Both possibilities are more volume suppressed than the LVS/Kähler uplifting potential, which is proportional to V −3 , so in principle they can be made subleading by considering large enough values for V. The (2, 0) component of the scalar potential admits an expansion of the form
Note that δK (2) also contributes to δV (2,0) , however we can consistently neglect it due to extra volume suppression. The same observation holds true for the δV (1, 1) and δV (1, 2) terms: the dominant contributions to both δV (1, 1) and δV (1, 2) will come from δK (1) as these will be the less volume suppressed. In order to determine the typical size of these terms let us once again consider the 'swiss-cheese' case where δK (1) is given in Eq. (3.13). Using the general formulas in Eq. (3.17) and Eq. (3.19) we find
We will discuss the typical size of these corrections using three representative examples in the next section.
Example 1: Single modulus case
Let us start by looking at the single modulus case put forward in [1] . While it is not possible to realise the large volume scenario in such a compact space, since it has a single Kähler modulus, this is the simplest geometry in which one can build the KKLT [5] and Kähler uplifting [17, 35] scenarios. We will therefore investigate how the α ′2 correction to the action affects the minimum in these two scenarios. The starting point for this analysis is the α ′2 corrected Kähler potential [1] 
KKLT
We assume that the volume modulus is stabilised by the KKLT mechanism, where the superpotential is the sum of a flux term and a nonperturbative term:
In this context, the largeness of τ is made possible by the smallness of the flux superpotential W 0 . Recalling that before uplifting, the KKLT minimum is SUSY AdS, we find 23) and so the flux superpotential must lie in the interval
As an illustration, if one sets A = 1, a = 0.1 this bound becomes O(−10 −2 ) < W 0 < 0 for k = 4. We can then see that the large values of τ required for consistency of the action to order α ′2 impose a tuning of the flux superpotential. In regions of moduli space where τ ≫ 15k 2 /8 one can expand the potential in powers of V D7∩O7 /V and follow the method outlined above to show that the Kähler potential admits an expansion of the form K ∼ K 0 + δK where
obtained from Eq. (3.13) and K 0 = −2 log V = − log(2/9τ 3 ). The scalar potential is then given by 26) where the KKLT potential is 27) and the leading α ′2 corrections Eq. (3.20) take the form 
Moreover one can show that that the α ′2 corrections are small, provided τ is sufficiently large:
Clearly the mixed term δV (1,1) + δV (1,2) ∼ δV is the dominant contribution to the potential coming from the GSW correction. Taking for concreteness k = 4 which is the CY CP 4 11114 [8] , we see that δV is of the order of the KKLT potential at τ ∼ 60, which corresponds to tuning W 0 ∼ −10 −3 5 . The hierarchy ∆ ≡ δV /V KKLT drops to 1/10 at τ ∼ 600. In this regime one can assume that the KKLT minimum is preserved, however this comes at the cost of tuning the superpotential to W 0 ∼ −10 −25 . For the GSW correction to give rise to a mere 1% level correction to KKLT, we are pushed to higher volumes still, around τ ∼ 6000, which implies W 0 ∼ −10 −258 . We note that this tuning in W 0 follows from the structure of the KKLT minimum and it is only more severe than the fiducial example in [5] due to the requirement of significantly larger volumes. We are then led to the conclusion that for large τ (extremely small W 0 ) the usual KKLT minimum is preserved since the α ′2 corrections become subleading. Just preserving stability requires ∆ O(1) which needs only moderate tuning |W 0 | 10 −3 . However, getting additional suppression of the GSW correction to ∆ ≪ 1 comes with an extreme exponential cost in the tuning of W 0 which will turn out to be much more severe than the corresponding changes in the CY volume in the LVS scenario to which we turn after the next subsection.
Kähler uplifting
In the absence of the α ′2 correction of Eq. (3.3) to the Kähler potential, the dominant terms in the scalar potential of the Kähler uplifting scenario arise from non-perturbative contributions from gaugino condensation on 7-brane stacks and the α ′3 -correction [15, 17] 
where V α ′3 is a measure for the barrier height of the de Sitter minimum of the potential. The leading order terms induced by the α ′2 correction are δV (1,0) + δV (2,0) ∼ V −10/3 given in Eq. (3.28). We can estimate their significance by building the quotient 33) where in the last equation we have inserted ǫ ≡ξ/V which is required to be small in the Kähler uplifting scenario [17] . Sinceξ ∝ g −3/2 s this quantity can in principle be made arbitrarily large in the weak coupling limit g s → 0. For k = 4 and ǫ = 0.1 the δV (1,0) +δV (2, 0) terms become of the same order as V α ′3 for V ≃ 400 in string units. For this value of the volume the expansion coefficient in the Kähler potential Eq. (3.25) is δK (1) ≃ 0.6 such that the expansion converges rather slowly. Hence, we check numerically for a Kähler uplifted de Sitter vacuum of the full scalar potential including the α ′2 correction. Our chosen parameters are presented in Table 1 that we do not have to demand for a large suppression of the δV (1,0) + δV (2,0) terms w.r.t. to V α ′3 . A de Sitter vacuum can still be found in the α ′2 corrected scalar potential by choosing appropriate values for the parameters, in this case W 0 , A, a andξ. This is also true in the multi moduli 'swiss-cheese' case for Kähler uplifting as we will discuss in the next Section.
Let us note again, that dS minima persist at moderate volumes V ∼ 400 while refraining from obscenely large gauge group with rank much larger than (100) only for values of the expansion coefficient of the Kähler potential δK (1) O(1). In such a regime we cannot be confident that higher-order α ′ -corrections might not enter the Kähler potential with an expansion coefficient of similar size. As this limits trust in the scalar potential derived in the above regime, one needs either a distastefully large-rank gauge group [17] , or a racetrack double-gaugino condensate for the Kähler modulus with positive self-intersection [25, 26] to push the volume into a regime where δK (1) ≪ 1. [18] We now focus on the simplest geometry that allows for a LVS minimum: the two modulus 'swiss-cheese'. As an explicit realisation of this geometry we consider the degree 18 hypersurface in complex projective space CP 4 11169 [18] used in the original LVS construction [14] . The classical volume of this manifold is 34) and the Kähler potential can be written in terms of the α ′2 and α ′3 corrected volume as 35) which allows one to define the corrections to the tree level Kähler potential K 0 = −2 log V as
Example 2: CP
and δK (2) = 1476225 16
We note that there are also contributions to δK from the α ′3 term which were given in Eq. (2.26).
LVS
We assume that the small modulus, τ 2 , supports the nonperturbative effect, giving rise to a superpotential of the form
The scalar potential is then given by 38) where V LV S is the usual large volume scenario potential for CP 4 11169 [18] : and
Clearly the corrections of Eqs. (3.40) and (3.41) are subleading in the volume, being respectively proportional to V −10/3 and (log V) 3/2 V −11/3 at the LVS minimum. We note that, as expected, these corrections have the same functional form as the string loop corrections of [21] . However the corrections of [21] were of order α ′2 g 2 s and had overall numerical coefficients of O (1), while here we find that the overall coefficients in Eqs. (3.40) and (3.41) are neither O(1) nor feature suppression by extra powers of g s ≪ 1. Therefore the extended no-scale structure is of limited use and these α ′2 terms in the scalar potential are only subleading at very large volumes. This restricts the range of validity of the LVS potential and its phenomenology in such a compact space.
In order quantify the effect of the GSW corrections on the minimum of Eq. (3.39), let us recall that it is located at to leading order in the 1/aτ 2 expansion. The depth of the AdS minimum is
Using Eq. (3.42) once can further simplify this to
where we have eliminated the parameterξ in favour of τ 2 3/2 ∼ (log V ) 3/2 /a 3/2 in the final step. Note that the least volume suppressed terms near the putative LVS minimum are the pure Kähler terms of Eq. (3.40) . We therefore evaluate the validity of the LVS minimum by looking at the ratio ∆ ≡ δV /V LV S where δV = δV (1,0) + δV (2, 0) and requiring it to be sufficiently small. Taking the ratio between Eq (3.40) and Eq. (3.43) one finds at next-to-next-leading-logarithmic order that the volume must satisfy the following bound In Table 2 we present the lower limit on the volume of the compact space for different values of a and ∆. 6 As can be seen in Table 2 , the worst case scenario for LVS stability is the generic one with non-perturbative effects arising from ED3 branes, for which a = 2π. Constraints on the volume are weaker for gaugino condensation on stacks of D7-branes. Nonetheless one sees that the regime of validity of the large volume scenario is pushed towards larger volumes than previously assumed by relying on the extended no-scale protection.
While there seems to be a limited margin for tuning particular models to evade these constraints, one thing seems clear: the lower limits on V put models of Kähler moduli inflation, such as those of [23, 36] , under severe strain since they typically require considerably smaller volumes in order to give rise to the correct amplitude of density perturbations.
Finally, let us note here that our stability criterion ∆ 1 can be rigorously justified by calculating the mass matrix of the canonically normalised moduli to leading order in the non-perturbative, α ′2 -and α ′3 -corrections. Demanding positivity of the eigenvalues of the Hessian amounts to requiring ∆ O(2) which essentially justifies our analysis.
Kähler uplifting
The one-modulus case discussed in Section 3.1 can be easily extended to the multi moduli 'swiss-cheese' scenario of Kähler uplifting. This is for the simple reason that the GSW correction is only relevant if it is dominated by the large 4-cycle τ 1 . Hence, the generalization of Eq. [18] has been constructed, before the GSW correction was derived. The classical volume of the CY in this construction is V ≃ 52 which is clearly a regime in which the GSW correction δV 1,0 + δV 2,0 contributes very strongly to the scalar potential. If there would be no further corrections at the level of α ′2 to the Kähler potential with the same moduli dependence this would put these explicit de Sitter models under severe strain. Together with the constraints on the LVS scenario discussed in this work, this provides strong motivation for studying further α ′ corrections to the IIB/F-theory effective action, as already mentioned in the introduction. 4 11226 [12] Some phenomenologically interesting constructions of the LVS rely on manifolds that are not of the 'swiss-cheese' form but are instead fibered. In fibered LVS constructions the overall volume is not controlled by a single modulus like in the 'swiss-cheese' case, being instead given by V ∼ √ τ 1 τ 2 and therefore dependent on two Kähler moduli.
Example 3: CP
The fiducial example of such a manifold is CP 4 11226 [12] , which has inspired a multitude of phenomenological applications within the context of LVS: from the study of string loop corrections [21] to inflation [22, 37] and a stringy realisation of the supersymmetric large extra dimensions scenario [38, 39] . Strictly speaking the CP 4 11226 [12] is a two parameter manifold, however one usually adds a blow-up by hand to stabilise the overall volumeà la LVS. The volume is then
and so the Kähler potential can be written as
to order α ′3 . Here we are using the constants c 1 and c 2 to parametrise our ignorance regarding the blow-up modulus extension of the compact CP 4 11226 [12] . If one wants to have an LVS minimum then clearly c 1 = 0, however without an explicit geometrical construction we do not know whether the α ′2 correction depends or not on τ 3 . In what follows we perform a generic analysis, leaving c 2 unspecified. The α ′2 corrections to the Kähler potential are
and δK (2) = 18225 16
Assuming that the nonperturbative effects originate from τ 3 , the superpotential takes the form
One can then show that the leading order potential depends only on two of the original three directions in Kähler moduli space, taking the form
In writing Eq. (3.54) we have eliminated τ 2 in terms of V which leaves V LV S independent of τ 1 . The fact that at this level τ 1 is a flat direction has proven an interesting feature of these geometries, giving rise to the above mentioned phenomenological applications. Usually the stabilisation of τ 1 is achieved by the inclusion of subleading effects into the action: string loops and poly-instantons have both been used to this effect. Even though it is conceivable that the α ′2 corrections can play a similar role we will refrain from performing such analysis here and will instead focus on the study of the stability of the LVS once these corrections are included. The subleading contributions to the scalar potential take the form
and
Our aim is to evaluate the size of these contributions the potential in the vicinity of the LVS minimum. While Eq. (3.54) determines that at the putative minimum τ 3 ∼ log V, the VEV for the fibre modulus τ 1 depends on the chosen, and at this point unspecified, mechanism for its stabilisation. A universal bound on τ 1 comes from the requirement of consistency of the supergravity approximation which leads to the constraint τ 1 > l 2 s . Depending on the mechanism employed to lift the fibre modulus, one may identify two extreme limits: isotropic compactifications where 1 < τ 1 < τ 2 and anisotropic compactifications where 1 < τ 1 ≪ τ 2 . Approximating V ∼ τ 2 √ τ 1 /2 we may rewrite these limits as:
With these hierarchies in mind we recast the α ′2 corrections to the potential into the following form
58)
where we have used
at the vacuum, as follows from Eq. (3.54).
Regardless of the regime where one stabilises the fibre modulus, it is clear that the most dangerous correction to the LVS potential is the first term in Eq. (3.58), being the less volume suppressed than V LV S and having an overall prefactor of O(10 2 ). We note that a similar term, albeit with an O(1) prefactor and with extra g s suppression, was also present in the analysis of [21] . In the context of [21] it was possible to get rid of such term by suitably choosing the brane configuration, here however, once we choose the geometry of the compact space to be that of CP 4 11226 [12] , this term is inevitable. For the existence of the LVS minimum one must require the GSW term to be subleading when compared to
As in the case of CP 4 11169 [18] one defines the ratio
By demanding equality between τ 1 = (3V) 2/3 as the upper limit from Eq (3.57) and In Table 3 There are two interesting facts to note about this setup: Firstly, isotropic compactifications are less problematic than anisotropic ones as they are characterised by larger VEVs for τ 1 . Secondly, these limits on V are independent from the way the extra small modulus contributes to the GSW correction. [18], the α ′2 contributions to V tend to dominate over the LVS potential, unless the volume is made sufficiently large. This in turn puts models that require smaller volumes, like modular inflation, under severe strain. As one sees from Table 3 , modular inflation models [22] [23] [24] do not work in the most generic version of the Large Volume Scenario with just ED3-branes, but require the presence of gaugino condensation on stacks of D7-branes with gauge group ranks O(10).
This requirement becomes even more severe as we expect the α ′2 -correction to completely destroy the slow-roll properties of any inflationary model at ∆ O(1) since such values of ∆ are just sufficient to maintain a meta-stable minimum. Slow-roll most likely requires ∆ 0.01 which renders volumes small enough for modular inflation impossible except if involving distastefully large-rank gaugino condensation with ranks O(a few times 100).
Conclusions
In this paper, we have analysed a new N = 1 string tree level correction at O(α ′2 ) to the Kähler potential of the volume moduli of type IIB Calabi-Yau flux compactification found recently by Grimm, Savelli, and Weissenbacher [1] . We have looked at the structure of the GSW correction in the 4D volume moduli Kähler potential for general CY 3-folds with several Kähler moduli, in particular for CYs with a classical volume of approximate 'swisscheese' form. As examples we took the scalar potential for a general 1-parameter KKLT and Kähler uplifting scenarios, the 2-parameter 'swiss-cheese' CY CP In all cases, we imposed as a stability criterion that the relative magnitude ∆ ≡ δV /V 0 of the correction in the scalar potential δV compared to the scalar potential V 0 employed in the given stabilisation mechanism should be somewhat small ∆ < 1, typically ∆ 0.1. This leads to an upper bound |W 0 | 10 −3 on the flux superpotential in KKLT, and a lower bound V 10 8 . . . 10 9 on the CY volume in LVS for the minima to persist in presence of the GSW correction for the most generic situation where the non-perturbative effect needed in LVS arises from Euclidean D3-brane instantons. The latter bound implies in particular, that the models of Kähler moduli inflation [23, 24] including fibre inflation [22] are under serious pressure from the new O(α ′2 )-correction, since the bound V > 10 8 is difficult to reconcile with COBE normalization of the curvature perturbation and maintaining slow-roll flatness.
We find moreover, that the method of Kähler uplifting can operate in the presence of the new correction, if one manages to stabilise the volume at values V 10 3 . This is a serious constraint for model building, as such volumes require either a distastefully largerank condensing gauge group on a D7-brane stack [17] , or a double-gaugino condensate racetrack sector [25, 26] .
The above constraints should generalize to all type IIB CY flux compactifications, except for those where the correction depends just on a combination of the small blow-up volume moduli for which we give a criterion in Section 3. 
A Corrections to no-scale
The remaining terms in Eq. (2.15) are The α ′2 correction term is given by [18] that was already discussed extensively in [18] : The triple self intersection D 5 ∩ D 5 ∩ D 5 lies on the 4-cycle defined by ξ = 0, i.e., the cycle that is wrapped by the O7 plane. Hence, the intersection in the double cover X 3 is not twice the intersection in B 3 as is the case for an intersection away from the O7 plane. The base volume can be determined to be 
